Sunlight causes lesions in DNA that if unrepaired and inaccurately replicated by DNA polymerases yield mutations that result in skin cancer in humans. Two enzymes involved in translesion synthesis (TLS) of UV-induced photolesions are DNA polymerase h (Polh) and polymerase z (Polz), encoded by the RAD30A and REV3 genes, respectively. Previous studies have investigated the TLS roles of these polymerases in human and yeast cells irradiated with monochromatic, short wavelength UVC radiation (254 nm). However, less is known about cellular responses to solar radiation, which is of higher and mixed wavelengths (310±1100 nm) and produces a different spectrum of DNA lesions, including Dewar photoproducts and oxidative lesions. Here we report on the comparative cytotoxic and mutagenic effects of simulated sunlight (SSL) and UVC radiation on yeast wild-type, rad30D, rev3D and rev3D rad30D strains. The results with SSL support several previous interpretations on the roles of these two polymerases in TLS of photodimers and (6±4) photoproducts derived from studies with UVC. They further suggest that Polh participates in the non-mutagenic bypass of SSLdependent cytosine-containing Dewar photoproducts and 8-oxoguanine, while Polz is mainly responsible for the mutagenic bypass of all types of Dewar photoproducts. They also suggest that in the absence of Polz, Polh contributes to UVC-and SSLinduced mutagenesis, possibly by the bypass of photodimers containing deaminated cytosine.
INTRODUCTION
The two major types of DNA damage induced by UV radiation are the bipyrimidine photolesions cis±syn cyclobutane pyrimidine dimers (photodimers) and pyrimidine (6±4) pyrimidone photoproducts [(6±4) photoproducts]. They are most ef®ciently produced by wavelengths close to the maximum absorption of bases (250±270 nm), and are formed at a lower yield by longer wavelengths in the UVB range (280±320 nm) (1) . The highly mutagenic short-wavelength UVC and far-UVB (l < 295 nm) radiation do not reach the earth's surface so that the terrestrial sunlight UV spectrum consists of UVB (l = 295±320 nm) and UVA (l = 320± 400 nm). The UVB component of sunlight is mostly responsible for the production of photodimers, (6±4) photoproducts and their photoisomers, the Dewar photoproducts, via direct absorption. UVA radiation is weakly absorbed by DNA. However, it excites cellular chromophores and generates reactive oxygen species that may react with DNA to produce mutagenic oxidative DNA damage (2) . For example, 8-oxoguanine is infrequently produced by UVB or UVC, but it is a main lesion induced by UVA radiation (2, 3) . Thus, the biological effects of sunlight might be more diverse than those resulting from monochromatic UV.
The UV component of sunlight is a major factor in the development of skin cancer (4) . Patients with xeroderma pigmentosum (XP) are extremely sensitive to sunlight and have a dramatically increased risk of skin cancer. Cell lines derived from XP patients exhibit increased UV irradiationinduced killing and mutagenesis (1, 5) . Seven classical XP complementation groups plus the variant type (XPV) have been identi®ed (1) . Patients with classic XP suffer from defective nucleotide excision repair (NER) whereas XPV patients carry out normal NER, but are defective in replicating UV-damaged DNA (1, 5) . The XPV phenotype is caused by mutations in the human RAD30A gene, encoding polymerase h (Polh) (6) . This polymerase was originally identi®ed in Saccharomyces cerevisiae (7) . In yeast devoid of Polh, UVCinduced mutagenesis and cell sensitivity are moderately enhanced (8±10). De®ciency in Polh strongly reduces the bypass of the TT photodimer, but has little effect on the TT(6±4) photoproduct bypass (11) . In vitro data suggest that yeast and human Polh replicate through the TT photodimer with high ef®ciency, and with accuracy as high as for synthesis on undamaged templates (12) . In contrast, Polh is unable to bypass the TT(6±4) photoproduct (12) .
Polymerase z (Polz), also discovered in S.cerevisiae, is a DNA polymerase critically important for UV mutagenesis (13) . It is a heterodimer formed by the catalytic subunit encoded by the REV3 gene and the accessory factor encoded by REV7, that is suf®cient for replicating across a lesion in vitro. In vivo, a third protein, Rev1p, is also required for the bypass activity of Polz, but its role is still unknown (11, 14) . Inactivation of Polz in yeast leads to a decrease in cell survival and a suppression of mutagenesis after UVC exposure (1, 11) . De®ciency in Polz or Rev1p strongly reduces the bypass of the TT(6±4) photoproduct (although this bypass is highly mutagenic), but has little effect on the TT photodimer bypass frequency (15) . In vitro, yeast Polz has a limited capacity to insert nucleotides opposite the 3¢T of the TT photodimer (16) and the TT(6±4) photoproduct (17) . In contrast, Polz is much more ef®cient at extending from a nucleotide inserted opposite the 3¢ base of the (6±4) photoproduct by another polymerase (12) .
Mammalian homologs of Rev3p, Rev7p and Rev1p have been identi®ed. Defects in the REV3 gene in mice result in embryonic lethality (14) . Depletion of Polz in cultured human cells by antisense RNA expression strongly reduces UVinduced mutagenesis. This observation implies a key role for Polz in the mutagenic bypass of photolesions in humans and a putative involvement of this polymerase in skin carcinogenesis.
Most of our knowledge about the UV sensitivity of Polh-or Polz-de®cient human cell lines and yeast strains derives from using UVC radiation. As noted above, UVC exposure does not accurately simulate exposure to sunlight. Thus, we determined cell sensitivity and mutagenesis induced by simulated sunlight (SSL, 310±1100 nm) in S.cerevisiae rad30D and rev3D strains de®cient in Polh and Polz, respectively, and compared the results with effects induced by UVC. We also characterized mutations induced by SSL and UVC at the chromosomal CAN1 locus in the above cells. The comparison of the induced mutation spectra brings new insight into the respective role of Polh and Polz in sunlight-and UVC-induced mutagenesis.
MATERIALS AND METHODS

Strains and media
Yeast strains used in this study were derived from strain 7B-YUNI300 (MATa his7-2 leu2-3,112 ura3-D trp1-289 ade2-1 lys2-B12) (18) by complete substitution of target genes with a kanMX cassette (19) . The following set of isogenic strains was used: wild-type strain, dl-7B-YUNI300 (leu2D::kanMX) (20); Polh-de®cient strain, eta-7B-YUNI300 (rad30D::kanMX) (18); Polz-de®cient strain, zeta-7B-YUNI300 (rev3D:: kanMX) derived in the present study with the primers described earlier (21) . A strain lacking both Polh and Polz, eta-zeta-7B-YUNI300 (rad30D::kanMX rev3::LEU2), was created from the strain eta-7B-YUNI300 by one-step gene disruption using the XbaI fragment of pAM56 plasmid (constructed by A. Morrison), as described by Holbeck and Strathern (22) . Complete YEPD medium and synthetic complete medium SC containing no arginine and supplemented with 60 mg/l L-canavanine (SC + CAN) were used (23) .
UV irradiation
Stationary phase yeast cells were harvested and resuspended in cold (+4°C) water at 10 6 cells/ml. Eight milliliters of this suspension were placed into a 60 Q 15 mm plastic Petri dish and used for irradiation. UVC irradiation was performed using a Mazda germicidal 15TG lamp at a dose rate of 0.5 J/m 2 /s (maximal treatment time 140 s). Simulated solar light (SSL) was produced by a 2500 W xenon compact arc lamp XBO (OSRAM, Molsheim, France) in conjunction with a Schott WG320 cut-off ®lter (3 mm). The¯uence rate was 1500 J/m 2 /s as determined by a YSI Kettering 65A thermopile (Yellow Springs Instrument, Yellow Springs, OH). The incident emission spectrum was composed of <10 ±5 % UVC, 0.8% UVB, 6% UVA, 44.5% of visible and 48.7% of infrared light (24) . Cell suspensions irradiated with SSL were swirled and cooled continuously in an ice bath (maximal treatment time 41 min).
UV-sensitivity and mutagenesis tests
UV-sensitivity tests were performed for all strains as follows. For each irradiated and unirradiated cell suspension, six independent appropriate dilutions were prepared and cells were plated on six YEPD plates. The percent survival was calculated as a ratio of the median number of colonies present on the six plates from the irradiated culture to the median number of colonies present on the six plates from the unirradiated culture. To determine the frequency of can1 mutants in strains dl-7B-YUNI300 and eta-7B-YUNI300, irradiated and unirradiated cell suspensions were concentrated 10-fold by centrifugation and six 100 ml aliquots were plated on six SC + CAN plates, and six independent appropriately diluted cell suspensions were plated on six YEPD plates. Mutant frequency was calculated as the ratio of total number of colonies present on six SC + CAN plates to the total number of colonies counted on the six YEPD plates. A different strategy was used for strains displaying low induced mutagenesis (zeta-7B-YUNI300 and eta-zeta-7-B-YUNI300). Twenty independent cultures were started from independent colonies of a strain. All 20 cultures were used for determination of spontaneous and UVC-induced mutant frequencies and 15 cultures of the strain were treated with SSL. Cells from irradiated and unirradiated suspensions were collected by centrifugation and resuspended in 1 ml of YEPD broth. The resulting cultures were incubated for 24 h with shaking at 30°C. Three 100 ml aliquots of each culture were plated on three SC + CAN plates and three independent appropriate dilutions were plated on three YEPD plates. The mutant frequency in each culture was calculated as the ratio of total number of colonies on the three SC + CAN plates to the total number of colonies on the three YEPD plates. Then, we used the median of the obtained values as an estimate for the mutant frequency for the given strain. This procedure allows us to measure and compare low UV-induced mutant frequencies in the REV3-de®cient strains.
To avoid photoreactivation, all manipulations with irradiated cells were performed immediately after treatment, in a shaded place, and the plates were incubated in the dark at 30°C.
DNA sequence analysis
For can1 mutants sequencing, we used the same method for all strains. To minimize the fraction of spontaneous mutants in the samples of irradiated REV3-de®cient strains, only cultures containing the lowest number of mutants (`3 Q 10 ±7 ) were used for irradiation. Yeast cell suspensions were irradiated with UVC at 50 J/m 2 or SSL at 27 Q 10 5 J/m 2 . Irradiated cells were harvested by centrifugation and plated on an appropriate number of SC + CAN plates. Independent canavanineresistant clones were colony-puri®ed on SC + CAN plates. Yeast genomic DNA was isolated by a miniprep method (23) . PCR ampli®cation of the CAN1 gene was performed either using primers CANF (5¢-TCT GTC GTC AAT CGA AAG-3¢) and CANR (5¢-TTC GGT GTA TGA CTT ATG AGG GTG-3¢), or P1PCR (5¢-CAG ACT TCT TAA CTC CTG-3¢) and P3 (5¢-GGA ATG TGA TTA AAG GTA ATA AAA CG-3¢). Approximately half of the mutants had been sequenced using three primers: P1 (5¢-GGA ACT TTG TAC GTC CAA AAT TG-3¢), P2 (5¢-GGA ACT TAG TGT AGT TGG-3¢) and P3 at the Genome Express Company (Meylan, France). The remainder of the samples were sequenced using six primers: 5¢-AAA AAA GGC ATA GCA ATG-3¢, 5¢-ATT CTG TCA CGC AGT CCT-3¢, 5¢-GAA CTA GTT GGT ATC ACT-3¢, 5¢-GAA ATG GCG TGG AAA TGT G-3¢, 5¢-TGT CTC CAT GTA AGC CAA-3¢ and 5¢-ATA TTA TAC CTG GAC CCC-3¢ on an ABI377 Prism or 3100 automatic sequencer using a manufacturer-supplied protocol.
To compare mutation spectra generated by the two types of radiation in the different strains, we used a two-tailed Fisher's exact test (FET).
RESULTS
Cell survival and mutagenesis after simulated sunlight exposure
We ®rst examined the SSL sensitivity of yeast de®cient in Polh and Polz. We found that rad30 and rev3 deletion mutants were more sensitive than the wild type to cell killing by SSL or by UVC (Fig. 1A and B) . The rev3 strain was more sensitive than the rad30. Notably, in other published works, rad30 strains exhibited similar or enhanced UVC sensitivity, compared with rev3 strains, depending on the UV dose (8, 10) .
We then determined the mutation frequencies at the CAN1 locus. In the rad30 mutant, mutagenesis induced by SSL was slightly, but signi®cantly, above that in the wild type (Fig. 1C) . It was increased 2-fold after UVC irradiation (Fig. 1D ), in accord with what was previously observed at the CAN1 and other loci (8±10). In the rev3 and rev3 rad30 strains, mutagenesis by SSL, although detectable, was strongly diminished (Table 1 ) (signi®cant by Wilcoxon test, P < 0.05). In the rev3 strain, mutagenesis induced by UVC was also strongly reduced. However, there was no induction of can1 mutants by UVC in the rev3 rad30 double mutant (Table 1) .
We compared the effects of SSL and UVC on mutagenesis in the wild-type and rad30 strains at equal cell survival (Fig. 2) . The difference in the slopes of the curves indicates that SSL produced lesions that were more cytotoxic and less mutagenic than those produced by UVC. This suggests that cytotoxicity and mutagenicity of SSL might be partially due to lesions other than bipyrimidine photoproducts. Indeed, the UVA component of sunlight generates reactive oxygen species which may damage proteins and lipids and induce the formation of DNA single-strand breaks, DNA±protein crosslinks and oxidative base damage (25±29).
Characterization of the types of mutations induced in Polh-and Polz-de®cient cells
In order to get insight into the role of Polh and Polz in sunlight mutagenesis, mutation spectra were determined at the CAN1 locus in the wild-type, rad30 and rev3 strains for SSL and UVC, and in the rev3 rad30 double mutant for SSL. The CAN1 gene is 1.8 kb long and has many detectable sites. Figure 3 shows the distribution of our collection of 232 induced mutants characterized by a single nucleotide change or a tandem or non-tandem mutation. Mutational events are dispersed along the gene.
SSL produced predominantly single base pair substitutions in all the strains (Table 2 and Fig. 3 ). More complex mutations, including tandem and non-tandem mutations, were also observed, in particular in the rad30 strain. All tandem double mutations in the wild-type and rev3 strains were CC®TT, whereas in the rad30 strain, we obtained other changes as well: CC®TT, CC®TA, CC®AT, GC®TT, TC®AT and TC®AD (Fig. 3 ). In the rev3 rad30 strain, the single tandem mutation found was a CC®AA change. Nontandem double mutations were also recovered in all strains except the rev3 rad30 strain. All involved near-adjacent bases separated by 2±8 bp (Fig. 3 ). The proportion of tandem and non-tandem double mutations was signi®cantly higher in the rad30 strain than in the wild-type strain (FET, P = 0.03).
The mutation spectra obtained for UVC resemble that produced by SSL, and are also characterized by a predominance of single base substitutions (Table 2) , as usually observed (3). However, in contrast to SSL, all tandem double mutations found in the rad30 strain were CC®TT (Table 2 and Fig. 3 ). In addition, there was no signi®cant increase in the tandem and non-tandem double mutations in the rad30 strain in comparison with wild type. It appears that, at least in the rad30 strain, mutations produced by SSL are more complex than that observed for UVC, implying differences in the premutagenic lesions.
Characterization of the base substitutions induced in Polh-and Polz-de®cient cells
The comparison of the types of base changes induced by SSL and UVC in the wild-type strain shows major differences as described below. Most of the base changes generated by SSL occurred at G´C pairs (84%) ( Table 3 ). The mutation spectrum induced by SSL was characterized by approximately equal proportions of transitions and transversions and was dominated by G´C®A´T transitions (50%) and G´C®T´A transversions (28%). UVC induced changes at A´T and at G´C pairs with equal frequency (47 and 53%, respectively) ( Table 3) . Transversions predominated (62%), mainly consisting of A´T®T´A (41%), while G´C®A´T transitions represented 38% of the mutant collection. The increased proportion of base changes at G´C pairs after SSL irradiation in comparison with UVC was signi®cant (FET, P = 0.008). A similar observation was previously made for wild-type yeast irradiated with UVC or natural sunlight (30, 31) . This may correlate with some biochemical data indicating that SSL produces relatively more cytosine-containing photodimers than UVC (24, 32, 33) .
The comparison of the types of base substitutions induced by SSL in the four strains shows the following features Table 3 ). The distribution of the types of base substitutions did not signi®cantly vary between wild-type and rad30 strains, implying a role for Polh in the non-mutagenic bypass of most of the potentially mutagenic lesions induced by SSL. In the rev3 strain, transitions, mainly G´C®A´T (71%), were the major type of base substitutions, while in the rev3 rad30 strain, transversions, essentially G´C®T´A (77%), predominated. Such a distribution of mutations contrasts with that observed in wild-type and rad30 strains. Further insight is gained in the comparison of the types of base substitutions induced by UVC in the four strains. In the rev3 strain, 97% of base substitutions occur at G´C pairs. This is more than in the wild-type and rad30 strains (53 and 69%, respectively, with no signi®cant difference, FET, P = 0.2). In comparison with the wild-type strain, the proportion of transitions was signi®cantly higher in the rad30 (64%) and rev3 (84%) strains (FET, P = 0.04 and 0.0003, respectively) ( Table 3 ). All transitions found in all three strains were G´C®A´T. As in the wild-type strain, the major type of transversion observed in the rad30 strains was A´T®T´A. Remarkably, no A´T®T´A transversions were recovered in the rev3 strain. The last observation suggests a role for Polz in generating this type of mutation.
The difference in the types of base substitutions induced by SSL and UVC seems to hold in the distribution of transversions, i.e. a majority of G´C®T´A changes for SSL and A´T®T´A for UVC. The A´T®T´A events were rare after SSL exposure, except in the rad30 strain. The increased proportion of G´C®T´A transversions in the rad30 strain after SSL irradiation was signi®cant (FET, P = 0.03), although that in the wild-type strain was not (FET, P = 0.1). However, the proportion of SSL-induced G´C®T´A transversions in the rad30 strain was similar to that observed in the wild-type strain (28 and 21%, respectively). Interestingly, there was no signi®cant difference in the distribution of base substitutions Nucleic
in the rev3 strain after SSL and UVC irradiation. On the other hand, the fraction of transitions in the rev3 strain after SSL and UVC irradiation (77 and 84%, respectively) was higher than expected spontaneously in the rev3 strains in the CAN1 (45%) and SUP4-o (44%) loci (34, 35) . Taking into account the experimental conditions used to minimize the fraction of spontaneous mutants (see Materials and Methods), most mutations were indeed induced by irradiation in this strain.
The many differences observed in the base substitutions induced by SSL and UVC demonstrate that the premutagenic lesions greatly differ for these two types of radiation. The remarkable similarity and low frequency of base changes induced by SSL and UVC in the rev3 strain reveal that most of the premutagenic lesions are processed by the polymerase encoded by the REV3 gene. It also indicates that the mutations observed in the absence of this polymerase in both cases are generated by the same mechanism. For both SSL and UVC, the distribution of base substitutions in wild-type and rad30 strains does not drastically differ, indicating an essentially non-mutagenic bypass of lesions processed by the polymerase encoded by the RAD30 gene.
Site speci®city of base substitutions
Assuming that a majority of SSL and UVC lesions giving rise to mutations involved bipyrimidine photoproducts, at least in the wild-type and rad30 strains (3, 36, 37) , we presented the data as changes at pyrimidines for all tested strains (Table 4 and Fig. 4) . The comparison of sites and types of base changes observed following SSL (Fig. 4A and B) and UVC ( Fig. 4C and D) exhibits major differences as follows.
After SSL irradiation, b90% of base changes in the wildtype, rad30 and rev3 strains occurred at bipyrimidine sites (Table 4) . However, we observed a signi®cant increase of mutations at non-bipyrimidine sites (NBP) in the rev3 rad30 strain (27%) relative to the wild-type strain (7%) (FET, P = 0.04). The CAN1 gene sequence contains 1362 (77%) bipyrimidine sites and 409 (23%) NBP. The proportion of mutations at NBP in the rev3 rad30 strain was close to the proportion of those sites in the CAN1 gene. Thus, we
propose that SSL-induced mutations in the rev3 rad30 strain (a majority of G´C®T´A transversions) arose mostly independently from bipyrimidine photoproducts. The site distribution of mutations after SSL irradiation was in the following order: CC > (5¢TC3¢/5¢CT3¢) > TT in the wildtype and rad30 strains, CC > (5¢TC3¢/5¢CT3¢) in the rev3 strain and (5¢TC3¢/5¢CT3¢) > CC in the rev3 rad30 strain. Most of the mutations at CC and 5¢TC3¢/5¢CT3¢ sites observed in the wild-type and rad30 strains were C®T transitions and C®A transversions (Fig. 4A) ; they were C®T transitions in the rev3 strain, but C®A transversions in the rev3 rad30 strain (Fig. 4B) . Most of the mutations in all tested strains at 5¢TC3¢ and 5¢CT3¢ sites occurred at the 3¢C of TC sites or at the 5¢C of CT sites, and at both the 5¢C and 3¢C positions of CC sites (some of them were tandem double) (Fig. 5) . Most, if not all, changes at TT sites in the wild-type and rad30 strains were T®A transversions at both the 3¢T or 5¢T position. Interestingly, SSL did not induce mutations at TT sites in the rev3 and rev3 rad30 strains. Mutations at NBPs observed in the rev3 rad30 strain consisted mostly (88%) of G´C®T´A transversions. After UVC irradiation, 89±97% of base changes in all strains tested were found at bipyrimidine sites ( Table 4 ). The distribution of changes at bipyrimidine sites was TT b (5¢TC3¢/5¢CT3¢) > CC in the wild-type and rad30 strains. Most of the changes recovered at CC and 5¢TC3¢/5¢CT3¢ sites in all strains tested were C®T transitions occurring at the 3¢C of TC sites or at the 5¢C of CT sites, and in both 5¢C and 3¢C positions of CC sites (compare Fig. 4C and D with A and B, and see Fig. 5 ). Relatively more mutations at TT sites were observed for UVC than for SSL (Table 4 ). All changes recovered at TT sites in the wild-type and rad30 strains were T®A transversions, but only at the 3¢T position of the bipyrimidine sequence ( Figs 4C and 5) . However, UVC, like SSL, did not produce mutations at TT sites in the rev3 strain ( Figs 4D and 5) .
No signi®cant strand speci®city of mutations induced by SSL
Preferential repair of photolesions in the transcribed strand (TS), namely transcription-coupled repair, has been demonstrated in prokaryotes and eukaryotes, including yeast (38) . After SSL irradiation we observed a slightly increased fraction of mutated bipyrimidine sites in the non-transcribed strand (NTS) in the wild-type, rad30 and rev3 strains (19 NTS:10 TS in the wild-type and rad30 strains, and 16 NTS:10 TS in the rev3 strain), but not in the rev3 rad30 strain (9 NTS:13 TS). After UVC exposure, mutated bipyrimidine sites distributed almost equally between TS and NTS in the wild-type and rev3 strains (16 NTS:12 TS and 12 NTS:13 TS, respectively), while their distribution is in favor of the NTS in the rad30 strain (26 NTS:8 TS) . However, these data are insuf®cient to assess any role for transcription-coupled repair in SSL-and UVCinduced mutagenesis. 
Main features of SSL-and UVC-induced mutagenesis in yeast pro®cient or de®cient in bypass DNA polymerases
We demonstrated that SSL produced cytotoxic lesions that were less mutagenic than those produced by UVC. SSL, like UVC, induced mostly single base changes at bipyrimidine sites, but also tandem and non-tandem double mutations. Compared with UVC, SSL induced less mutations at TT sites, which were almost all T®A transversions occurring exclusively at the 3¢T of the TT sites after UVC exposure, but at both the 3¢T and 5¢T after SSL irradiation. Moreover, the main type of transversion recovered after SSL irradiation was G´C®T´A, whereas after UVC exposure it was A´T®T´A, at least in the wild-type strain.
Inactivation of the RAD30 gene (i) increased SSL-and UVC-induced mutagenesis, (ii) enhanced the proportion of UVC-induced G´C®A´T transitions at bipyrimidine sites and (iii) increased the diversity in the types of SSL-induced tandem double mutations at CC and 5¢TC3¢ sites.
Inactivation of the REV3 gene (i) strongly decreased SSLand UVC-induced mutagenesis and (ii) led to the absence of mutations at TT sites after both SSL-and UVC-irradiation, while mutations at other bipyrimidine sites still occurred and were, in both cases, mostly G´C®A´T transitions.
Inactivation of both RAD30 and REV3 genes (i) completely suppressed UVC-induced mutagenesis, whereas SSL-induced mutagenesis was still observed and (ii) drastically increased the proportion of SSL-induced G´C®T´A transversions which did not occur preferentially at bipyrimidine sites.
DISCUSSION
Polh was initially de®ned as a lesion bypass polymerase capable of non-mutagenic replication past adducts induced by UVC radiation. Polz was known to be indispensable for UVCinduced mutagenesis (11, 12) . Part of our knowledge comes from studies investigating the ability of such puri®ed enzymes to bypass (insert opposite and elongate after insertion) a unique lesion [a TT photodimer or TT(6±4) photoproduct] on a template (12) . It is still dif®cult to corroborate such in vitro data with in vivo experiments. In particular, the genetic studies explored only UVC-induced mutagenesis and simply at ®xed sites by a locus-speci®c reversion assay, or examined the bypass of a unique lesion in a plasmid, in yeast strains pro®cient or de®cient in the RAD30-encoded Polh (11, 12, 39, 40) . In humans, the lack of Polh leads to the XPV phenotype characterized by enhanced UV sensitivity, UVCinduced hypermutagenesis and predisposition to skin cancer in sunlight exposed areas (1, 5) . On the other hand, the damage distribution induced by sunlight and UVC differs (36) . In particular, in cells exposed to natural sunlight, (6±4) photoproducts were mostly converted into their Dewar valence isomers (41) . To ®ll the gap in our knowledge we analyzed and compared SSL-and UVC-induced mutation spectra generated in isogenic yeast strains pro®cient or de®cient in de®ned bypass polymerases. The results, in conjunction with published biochemical and other genetic data, bring new insights into the molecular mechanism of solar mutagenesis, as emphasized below.
Polz is required for mutagenic bypass of TT photolesions
SSL and UVC did not produce mutations at TT sites in Polzde®cient strains (Table 4 and Fig. 4 ). This indicates that Polz is required for mutation generation at TT photolesions. At such sites, almost all events were T®A transversions in both the wild-type and rad30 strains, all occurring at the 3¢T of TT sites after UVC exposure, but at both the 3¢T and 5¢T in the case of SSL irradiation (Figs 4 and 5) . What TT photolesion(s) could be responsible for the Polz-dependent mutagenesis?
It was reported that no more than 0.4% of cis±syn TT photodimer bypass events in wild-type yeast were mutagenic (42) . In the rad30 strain, the TT photodimer bypass was reduced to 15% of the wild type, and it was completely absent in the rev3 rad30 or rev1 rad30 double mutants (11) . However, in the rad30 strain, TT photodimers were much more mutagenic than in the wild-type strain (12% of bypass events resulted in 3¢T®A or 3¢T®C mutations) (11) . These data indicate that in yeast, Polh plays a major role in ef®cient and non-mutagenic bypass of TT photodimers, whereas mutagenic bypass of this lesion requires Polz and Rev1p, but is infrequent. In contrast to the TT photodimer, the bypass of the TT(6±4) photoproduct in yeast was found to be far more mutagenic (40% of bypass events were mutagenic) and the major types of mutations were 3¢T®C transitions, 3¢T®A or 5¢T®A transversions (43) . The in vivo bypass of the TT(6±4) photoproduct required Polz and Rev1p (15) , while the absence of Polh had little effect (11) . Therefore, it is likely that TT(6± 4) photoproducts rather than TT photodimers are responsible for most of the Polz-dependent mutations occurring at TT sites upon UVC irradiation.
It was reported that the in vitro translesion synthesis opposite a TT(6±4) photoproduct by yeast Polz was limited, with a predominant incorporation of an A or T opposite the 3¢T and an A opposite the 5¢T (17) . An alternative mutagenic pathway would involve the consecutive action of Polh and Polz. It was shown that in vitro, Polh inserts a G opposite the 3¢T, and that Polz ef®ciently elongates the reaction product by inserting an A opposite the 5¢T (12) . Thus, according to these in vitro data, a direct bypass of TT(6±4) photoproducts by Polz would produce 3¢T®A transversions, while a bypass performed consecutively by Polh and Polz would generate 3¢T®C transitions. Hence, we propose that 3¢T®A transversions observed in our study result from a direct bypass of TT(6±4) photoproducts by Polz. Alternatively, another polymerase (not Polh, since its absence has little effect on mutations at TT sites) inserts a T opposite the 3¢T and Polz elongates from the inserted T, ®xing the T®A mutation at the 3¢ position.
A substantial fraction of the (6±4) photoproducts induced by the UVB component of SSL is converted by the UVA component into their Dewar valence isomeric forms (36, 41) . These last photoproducts were not produced by UVC in biologically relevant amounts (36) . On the other hand, biochemical data suggest that upon SSL irradiation most TT(6±4) photoproducts (up to 90%) are isomerized into their Dewar form, both in isolated DNA and in mammalian cells (44) . In the case of SSL, Dewar TT photoproducts may be responsible for most of the Polz-dependent mutations occurring at TT sites. We propose that Polz is required for bypass of Dewar TT photoproducts, as well as TT(6±4)
photoproducts. In Escherichia coli, the Dewar TT isomer is less mutagenic, but produces a broader spectrum of changes, in comparison with the TT(6±4) photoproduct (45) . We observe that, in contrast to UVC, SSL produces T®A transversions in both 3¢ and 5¢ positions of TT sites (Fig. 5) . Thus, we presume that the Polz-mediated bypass of TT Dewar photoproducts in yeast occurs with different speci®city as for the TT(6±4) photoproduct.
Polz is essential for mutagenic bypass of cytosinecontaining photolesions, while Polh is involved in their non-mutagenic bypass Our data showed that, in the absence of Polz, SSL-and UVCinduced mutagenesis at CC, 5¢TC3¢ and 5¢CT3¢ sites were strongly diminished but not completely suppressed (see mutation frequencies in Fig. 4 ). This observation is consistent with a major role for Polz in the mutagenic bypass of cytosinecontaining photolesions. Polz was responsible for most of the C®T transitions (compare the mutation frequencies at cytosine-containing sites in the wild-type, rad30 and rev3 strains in Fig. 4 ). This might result from a direct bypass of cytosine-containing (6±4) photoproducts by Polz or from sequential action of some other polymerase and Polz.
We found that UVC induced an increased proportion of C®T transitions at bipyrimidine sites in the rad30 strain relative to the wild-type strain (Table 3 and Fig. 4C ). This shows a loss of non-mutagenic bypass of cytosine-containing photolesions in the absence of Polh. This is in accordance with a recent report showing an increase in the frequency of UVCinduced C®T transitions at two unique CC and 5¢TC3¢ sites in yeast strains lacking Polh (10) . Meanwhile, our data further demonstrate that the non-mutagenic bypass of C-containing photolesions by Polh is a general phenomenon. Our data are consistent with the fact that, in vivo, Polh performs a nonmutagenic bypass of C-containing photodimers and may participate in the non-mutagenic bypass of (6±4) photoproducts by inserting a`correct' G opposite the 3¢C of the lesions with subsequent elongation by Polz, as proposed originally by Yu et al. (10) .
In the rad30 strain, SSL irradiation induced a variety of tandem double mutations at CC and 5¢TC3¢ sites, while in the Polh-pro®cient strains only CC®TT tandem double changes were recovered (Table 2, Figs 3 and 5) . Only CC®TT tandem double changes occurred after UVC exposure in the rad30 strain. These data may be related to the following observation made in E.coli. The Dewar 5¢TC3¢ photoproduct led to enhanced mutagenicity and relaxed mutagenic speci®city, comparatively to the 5¢TC3¢ (6±4) photoproduct, with a strong increase in various double substitutions (46) . We propose that the various tandem double mutations induced by SSL in the rad30 strain are due to the mutagenic bypass of Dewar photoproducts. Thus, Polh may be involved in the nonmutagenic bypass of cytosine-containing Dewar photoproducts. In the absence of Polh, such lesions are bypassed by Polz (or Polz and an unidenti®ed polymerase) with less speci®city compared with the corresponding (6±4) photoproducts.
In the absence of Polz, Polh contributes to mutagenesis at C-containing bipyrimidine photoproducts
The participation of Polh (presumably in co-operation with Polz as shown in vitro) in the mutagenic bypass of TT(6±4) photoproducts in yeast was described recently (39, 40) . Here, we provide the ®rst evidence that, in the absence of Polz, Polh may contribute to UV-induced mutagenesis at cytosinecontaining bipyrimidine sites. We found that mutagenesis by UVC was weak in the Polz-de®cient strain, while it was completely abolished when both Polh and Polz were absent (Table 1 ). This observation is in favor of an involvement of Polh in UVC-induced mutagenesis when Polz is inactivated. All of the SSL-and UVC-induced mutations at bipyrimidine sites in the Polz-de®cient strain occurred at CC and 5¢TC3¢/ 5¢CT3¢ sites, and most of them were C®T transitions (Table 4 , Figs 4 and 5) . These data indicate that Polh-dependent mutagenic bypass of C-containing photolesions occurred with an insertion of A opposite C in the lesion. It was shown that, in vitro, cytosines in photodimers are quite unstable and deaminate to uracil (47) . However, the contribution of cytosine deamination to UV-induced mutagenesis in wildtype yeast is presumably low (10) . We propose that in the absence of the major mutagenic Polz-dependent pathway, Polh may contribute to SSL-and UVC-induced mutagenesis by replicating through deaminated photodimers with preferable insertion of an`A' opposite U, which creates a mutation. Thus, the frequency of C®T transitions at CC and 5¢TC3¢/ 5¢CT3¢ sites in the rev3 strain may correlate with the rate of cytosine deamination in photodimers. Another possibility is that Polh-dependent mutagenesis is due to errors made by Polh during the bypass of cytosine-containing photodimers.
The contribution of bypass polymerases to`non-targeted mutagenesis'
The analysis of non-tandem double mutations leads to an interesting observation. These mutations were observed after SSL and UVC exposure in all strains except rev3 rad30 ( Table 2 ). All non-tandem double mutations can be described as a one base change plus an additional base change or 1 nt deletion or insertion, separated by 2±8 bp (Fig. 3) . We propose that such mutations are the result of a mutagenic bypass of a photolesion followed by low-®delity DNA synthesis up to 8 nt downstream by Polh or Polz. The absence of non-tandem double mutations in the rev3 rad30 strain is consistent with this proposal. Indeed, it was reported that, in vitro, Polh copies a DNA template with low ®delity, with a misinsertion rate of 10 ±2 ±10 ±3 and a single-base deletion or addition frequency of 10 ±3 (48±50). In contrast to Polh, Polz is supposed to copy undamaged DNA more accurately, since its misinsertion frequency in vitro is 10 ±4 ±10 ±5 , which is comparable with the ®delity of replicative polymerases lacking proofreading capability (12) . On the other hand, Polz is a powerful extender of the mismatches (12) . Moreover, it was reported that Polz was responsible for the occurrence of closely spaced (<10 nt) spontaneous multiple mutations, including +1 bp insertions, in yeast strains de®cient in NER (51).
8-Oxoguanine possibly contributes to SSL-induced mutagenesis
We observed that SSL, in contrast to UVC, was mutagenic for the strain lacking both Polz and Polh, and that 77% of the base changes in this strain were G´C®T´A transversions which did not occur preferentially at bipyrimidine sites. It is well known that G´C®T´A transversions are a`mutagenic signature' of 8-oxoguanine (52), a major oxidative damage produced by UVA and SSL in DNA (28, 29) . It is also known that 8-oxoguanine is produced by SSL at a yield only 50 times lower than photodimers in mammalian cells and that it is not formed by UVC at biologically relevant doses (29) . In a preliminary study, we observed that in an ogg1 yeast strain, defective in 8-oxoguanine-DNA-glycosylase, UVA-induced mutagenesis was highly enhanced, relative to that in the wild-type strain (data not shown). Thus, SSL-induced G´C®T´A transversions are presumably due to the presence of 8-oxoguanine.
It has been suggested that, in vitro, yeast Polh is capable of replicating past 8-oxoguanine, by inserting the correct C, and that such a bypass is more ef®cient and more accurate than that performed by the replicative polymerase Pold (12, 53) . In one published study, a yeast ogg1 rad30 strain showed a synergistic increase in spontaneous mutations compared with the single mutant strains, implying that Polh is involved in the non-mutagenic bypass of 8-oxoguanine in vivo (12) . We found that, in contrast to that observed in the rev3 rad30 double mutant, SSL was not effective in producing G´C®T´A transversions in the rev3 single mutant strain (Table 3 ). In agreement with the above observation, our data suggest an involvement of Polh in the non-mutagenic bypass of 8-oxoguanine in vivo. Accordingly, the enhancement of G´C®T´A transversions observed in the rev3 rad30 strain (in which the bypass of bipyrimidinic photoproducts is drastically reduced and Polh-performed replication past 8-oxoguanine is absent) may be totally due to the ambivalent replication of 8-oxoguanine carried out by replicative DNA polymerases.
CONCLUSIONS
Our results suggest the following roles for specialized DNA polymerases Polh and Polz in sunlight-induced mutagenesis.
(i) Sunlight, like UVC, produces photodimers and (6±4) photoproducts. Polh is mainly responsible for the nonmutagenic bypass of photodimers and participates in the non-mutagenic bypass of cytosine-containing (6±4) photoproducts. Polh performs the mutagenic bypass of photodimers containing deaminated cytosine. Polz is responsible for the mutagenic bypass of all types of (6±4) photoproducts. Both polymerases may introduce`non-targeted' mutations when bypassing photolesions.
(ii) In contrast to UVC, sunlight converts a fraction of (6±4) photoproducts to Dewar isomers, and induces the formation of 8-oxoguanine. Polh participates in the non-mutagenic bypass of cytosine-containing Dewar photoproducts and 8-oxoguanine. Polz is mainly responsible for the mutagenic bypass of all types of Dewar photoproducts.
